Forensic studies often require the determination of biological materials to a species level. As such, DNA-37 based approaches to identification, particularly DNA barcoding, are attracting increased interest. The 38 capacity of DNA barcodes to assign newly encountered specimens to a species relies upon access to 39 informatics platforms, such as BOLD and GenBank, which host libraries of reference sequences and 40 support the comparison of new sequences to them. As parameterization of these libraries expands, DNA 41 barcoding has the potential to make valuable contributions in diverse forensic contexts. However, a recent 42 publication called for caution after finding that both platforms performed poorly in identifying specimens 43 of 17 common insect species. This study follows up on this concern by asking if the misidentifications 44 reflected problems in the reference libraries or in the query sequences used to test them. Because this 45 reanalysis revealed that missteps in acquiring and analyzing the query sequences were responsible for the 46 misidentifications, a workflow is described to minimize such errors in future investigations. The present 47 study also revealed the limitations imposed by the lack of a polished species-level taxonomy for many 48 groups. In such cases, forensic applications can be strengthened by mapping the geographic distributions 49 of sequence-based species proxies rather than waiting for the maturation of formal taxonomic systems 50 based on morphology. 51 52 53
Introduction 54
Species identifications play an important role in forensic analyses in contexts ranging from the 55 interception of trade in CITES-listed species [1] to ascertaining the post mortem interval [2] . There are 56 also expanding opportunities to track the movement of objects and organisms linked to their associated 57 DNA. Although species identifications can play an important role in these contexts, the lack of taxonomic 58 specialists often impedes analysis, a factor which has provoked interest in DNA-based approaches to 3 species identification. Past studies have established that DNA barcodes can often assign specimens to 60 their source species, but have also revealed differences in success among the kingdoms of eukaryotes. 61
For example, the three barcode regions (rbcL, matK, ITS2) for plants deliver lower success than the single 62 gene region (cytochrome c oxidase I, COI) used for animals [3] . Because COI generally has high accuracy 63
in species assignment [4] [5] [6] [7] [8] [9] , the conclusions from a recent study by Meiklejohn et al. [10] were surprising. 64
They assessed the capacity of reference sequences in BOLD, the Barcode of Life Data System [11] , and 65
GenBank [12] to generate species-level identifications. Their analysis revealed that both platforms 66 performed similarly in identifying plants and macrofungi, but fared poorly in identifying insect species 67 with BOLD showing lower success than GenBank (35% vs. 53%). By evaluating the factors underpinning 68 the incorrect assignments, the present study revealed that errors in sequence acquisition and 69 interpretation accounted for most, if not all, of the misidentifications. To avoid similar issues in future 70 studies, there is a need to adopt more rigorous procedures for data acquisition and analysis, and to reduce 71 the current reliance on immature taxonomic systems. (1), Dermaptera (1), Diptera (5), Ephemeroptera (1), Hymenoptera (1), Lepidoptera (2), Mecoptera (1), 76 Neuroptera (1), Odonata (1), Orthoptera (1), Pthiraptera (1), and Siphonaptera (1). The specimens were 77 obtained from the Smithsonian's National Museum of Natural History; most were collected 20+ years ago 78 (e.g. Pediculus humanus -1955). Following DNA extraction, the barcode region of COI was PCR amplified 79 and then Sanger sequenced. Reflecting the DNA degradation typical of museum specimens, the sequences 80 recovered were often incomplete (e.g. 254 bp for Hexagenia limbata). The resultant sequences were 81 injected into the ID engine on BOLD [11] and into the BLAST function on GenBank [12] . This analysis 82 delivered correct species identifications for six specimens (35%) on BOLD and for nine (53%) on GenBank.
4
The present study was initiated by downloading the 17 sequences from GenBank. They were then 84 resubmitted to the BOLD ID engine and to GenBank BLAST with self matches excluded. Because some of 85 the resultant identifications deviated from those reported in [10], the factors responsible for this 86 discordance were examined. 87 Table S1A compares the ID results for the 17 specimens between 89
Results and Discussion

88
ID Results from BOLD and GenBank:
[10] and those obtained in the present study. The IDs from BLAST matched those reported by [10] as did 90 ten of the IDs from BOLD. The other seven IDs from BOLD corresponded to those from GenBank, but not 91 with the results in [10] . There was a simple explanation for this discordance. Meiklejohn et al. [10] had 92 submitted the reverse complement rather than the coding sequence into the ID engine on BOLD, an 93 approach which generated distant matches. Avoiding this misstep, the number of "correct" identifications 94 generated by BOLD and GenBank was similar (12/17 at the genus level, 9/17 at the species level). 95 96
Factors Responsible for Four 'Errors' in Generic Assignment: Both BOLD and GenBank delivered generic 97
identifications deemed incorrect for four specimens. In each case, the query sequence showed close 98 similarity (95-100% in three cases, 90% in one) to taxa belonging to a different order than that analyzed 99 (Supplementary Files 1 & 2). These discordances could either reflect errors in the reference libraries or in 100 the query sequences. The cause for one misidentification was certain; it arose through internal cross-101 contamination as the sequence for Hexagenia limbata was a truncated version of that for Glossina palpalis 102 (identical at all 250 bp that overlapped). The other three mismatches involved taxa (springtail, gall midge, 103 strepsipteran) unrepresented among the 17 tested species ruling out internal contamination. Moreover, 104 because of their striking morphological differences to the test taxa (house fly, dragonfly, flea), 105 misidentification can be excluded as a cause. This leaves two possible explanations -contamination in the within many independently generated reference sequences from another order, these cases of 108 misidentification clearly arose from contamination of the query sequences. Cross-contamination is a well-109 recognized risk when working with museum specimens so it is standard practice to check for its 110 occurrence [13, 14] , but Meiklejohn et al.
[10] make no mention of exercising precautions in this regard. 111
After excluding these four cases, the number of correct identifications for BOLD and GenBank (12/13 for 112 genus, 9/13 for species) was identical. European Lepidoptera which revealed that 60% of the cases initially thought to indicate compromised 149 species resolution or DNA barcode sharing actually arose as a result of misidentifications, databasing 150 errors, or flawed taxonomy. As the taxonomic system for European Lepidoptera is very advanced, similar 151 issues will be a greater impediment in most other groups. Databases like BOLD and GenBank record these 152 divergences in taxonomic opinion, but they cannot resolve them, providing strong motivation for 153 approaches that sidestep this barrier. The Barcode Index Number (BIN) system is a good candidate as it 154 makes it possible to objectively register genetically diversified lineages [27] . One of the 'species' in the 7 current study, Forficula auricularia, provides a good example of the enhanced geographic resolution 156 offered by BINs that could be useful in forensic contexts. This taxon has been known to include two 157 lineages with differing distributions and life histories for >20 years, but it still remains a single recognized 158 species [28, 29] . Barcode results indicate that North American populations actually include three divergent 159 lineages with allopatric distributions (Figure 1 ). As such, BIN assignments provide information on the 160 geographic distributions of the component lineages of this species complex that could be important in 161 certain forensic contexts, but that would be overlooked by a species-based assignment. Because most 162 species of multicellular organisms await description, it is certain that there are many other cases where 163 BIN-based analysis will enhance geographic resolution. operational errors, but the other 11 did not (Table 1) , explaining the low identification success they 182 reported. Even after correcting for the use of reverse complements, the effectiveness of DNA barcoding 183 could not be evaluated for eight species, those impacted by sequence contamination or taxonomic 184 uncertainty. Importantly, DNA barcode records in BOLD and GenBank did deliver a correct species 185 assignment for the other nine species. While the outcome for these species is reassuring, the lack of an 186 outcome for other taxa reveals the need for improved protocols. Clearly, two conditions need to be 187 satisfied to ensure a correct identification -the query sequences must be legitimate and the reference 188 libraries must be well-validated. As a start, any study that aims to employ DNA barcodes for species 189 identification should include steps to ensure the sequences recovered are valid by including positive and 190 negative controls, by assessing sequence quality, and by checking for contaminants ( Figure 2) . Presuming 191 the query sequences pass these quality checks, the generation of a reliable identification requires a 192 comprehensive, well-validated reference library. Because BOLD is a workbench for the DNA barcode 193 research community, it will always contain sequences from specimens whose identifications are being 194 refined. The establishment of a Barcode REF library, based upon a small number of carefully validated records for each species, would represent an important step towards improving its capacity to generate 196 reliable identifications. Under ideal circumstances, the reference sequence for each species would derive 197 from its holotype. However, because 90% of all multicellular organisms await description, and the status 198 of many described species groups is uncertain, these efforts will need to be reinforced by a BIN-based 199 approach. 200 201 202 Specimen #
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